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(very)	High	Level	Summary	
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Earth’s Water Cycle!
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Storage terms!



4	[Leulie^e,	2015]	

Land	Ice	



5	[Leulie^e,	2015]	

GRACE	

Al/meters	

Argo	

Land	Ice	
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From	ocean	freshening	to	ocean	mass	

[Antonov,	2002]	

•  Halosteric	 trend	 order	 of	
magnitude	 less	 than	 trend	
from	thermal	expansion.	

•  ‘Munk	factor’:	Halosteric	trend	
requires		~500	km3	of	fresh	
water	to	be	added	to	the	
world	ocean	every	year	for	the	
1957–1994	period.		

•  Freshening	would	require	a	
mean	sea	level	rise	of	1.35	±	
0.50	mm/yr,	in	addi7on	to	the	
steric	changes.	

•  IPCC	AR4:	“error	in	es7mates	
mass	changes	derived	from	
salinity	[]	is	too	large	to	
provide	useful	constraints	on	
the	sea	level	change	budget”	

	

Thermosteric	(T)	

Halosteric	(S)	



(ENVISAT,	GFO,	ERS1&2….)	

Jason-1&2,	T/P,	Envisat	
(1993	-	…)	

ΔSLRtotal	 	 	= 	 		ΔSLRsteric	 	+	 	 	ΔSLRmass	

ΔSLRtotal	 	=	

Argo	
(~2004	-	…)	

GRACE	(2002-…	)	
GRACE-FO	(2018	…)	

ΔSLRsteric(0-2000m)		+	 ΔSLRmass	

Sea	Level	Rise	(SLR)	Budget	



(ENVISAT,	GFO,	ERS1&2….)	

Jason-1&2,	T/P,	Envisat	
(1993	-	…)	

ΔSLRtotal	 	 	= 	 		ΔSLRsteric	 	+	 	 	ΔSLRmass	

ΔSLRtotal	 	=	

Argo	
(~2004	-	…)	

ΔSLRsteric(0-2000m)		+	

+	Residual	(ΔSLRsteric(<2000m)	)
+	Errors(Random,	Biases)	

ΔSLRmass	

Sea	Level	Rise	(SLR)	Budget	

GRACE	(2002-…	)	
GRACE-FO	(2018	…)	



9	

Direct	observa7on	of	mass	change:	GRACE	(2002	–	)	

mm	water	height	



10	
see	these	posters	for	further	details:	
[E.	Leulie^e	&	S.	Nerem]	

Sea	Level	Budget:	global	mean	

15-year	trend:	
•  1/3	from	steric	
•  ‘budget	closure’:	

mass	+	steric	=	total	
•  li^le	room	for	a	large	

deep	ocean	warming	
contribu7on	

•  systema7c	trend	
biases	s7ll	large	O(0.4	
mm/yr)	

•  GIA	
•  Geocenter	

•  posi7ve	accelera7on	
emerging	

•  deep	ocean	warming?	

[From	E.	Leulie^e]	



(ENVISAT,	GFO,	ERS1&2….)	

Jason-1&2,	T/P,	Envisat	
(1993	-	…)	

ΔSLRtotal	 	 	= 	 		ΔSLRsteric	 	+	 	 	ΔSLRmass	

ΔSLRtotal	 	=	

Argo	
(~2004	-	…)	 GRACE	(2002-…	)	

ΔSLRsteric(0-2000m)		+	 ΔSLRmass	

Sea	Level	Rise	(SLR)	Budget	



12	see	[Piecuch	&	Ponte,	2011]	for	further	details	

Variability	of	bo^om	pressure	

monthly	RMS	variability,	seasonal	cycle	and	trend	removed	

[millimeter	H2O]	



Ocean mass changes (GRACE 2002-2016 trend):  
basin scales and spatial pattern!

->	see	poster	by	Eric	Leulie^e	

Southern	Ocean	

Arc7c	

Pacific	

Indian	Oc	

Atlan7c	

Global	

Bo^om	pressure	trends	[mm/yr]	
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[Volkov et al., 2016] 
see also [Llovel et al., 2016] 

Satellite-based sea level trends over 2005–
2014 from density changes alone (i.e., the 
mass contribution has been removed by 
subtracting GRACE observations from 
altimetry). Warm colors typically indicate 
ocean warming and expansion. The study 
region showed large warming, with a clear 
signal originating below 2000m. 

SSH	(Total)	
Mass	

Steric	(Argo)	
0-2000m	

Steric	(Total	-	Mass)	
full	depth	

Al7meter	–	GRACE	(=	Steric)	

Regional	Sea	Level	Budget:	deep	warming	

Deep	warming	
trend	in	S.	Pacific:	
1.8	+/-	1.4	mm/yr	
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•  Westerly	winds	over	the	Southern	Ocean	and	easterly	trade	winds	in	the	tropics	
drive	Ekman	transports	that	converge	in	the	subtropical	South	Pacific.		

•  Strengthening	of	the	wind	stress	curl	in	2005-2014	led	to	an	intensifica7on	of	
downward	Ekman	pumping	with	a	local	maximum	within	the	dashed	box.	Note	
that	the	temperature	scale	is	split	between	the	upper	500	m	and	500-2000	m.		

Regional	Sea	Level	Budget:	deep	warming	
[Volkov et al., 2016] 



16	[Leulie^e	and	Nerem,	2016]	

Back	to	the	global	budget:	mass	sources	



Sources	of	Ocean	Mass	Change:	Global	Water	Storage	&	Land	Ice	
changes	observed	by	GRACE	(over	2002-2015)	

[Rodell	et	al.,	2016,	in	prepara4on]	

Glaciers	mel7ng:	
-  Peru	
-  Patagonia		

Alaska	glaciers	
mel7ng	

Greenland	ice	sheet	mel7ng	

Groundwater	
deple7on:	
NW	Australia	

Drought	
recovery:	
Orinoco	&	
Amazon	

US	groundwater	
deple7on:	
-  CA	Central	Valley	
-  High	Plains	Aquifer	

Groundwater	deple7on:	
-  Middle	East		
-  North	Africa	 Groundwater	

deple7on:	
-  -	North	China	Plain	
-  -	India/Bangladesh		

Floods:	
Upper	
Midwest		

Increasing	
rainfall:	
Okavango	delta	

Antarc7c	ice	sheet	mel7ng	



The 2010/2011 ‘Sea Level Drop’!

[Boening	et	al.,	2012]	



The 2010/2011 ‘Sea Level Drop’!

Comparing GRACE water 
mass anomalies from 2010 
and 2011 indicates more 
water over Australia and 
northern South America.!

Extra	
Water	

2009-10 

2010-11 

Mass	in	millimeter	of	water	thickness	

2010	

2011	

water accumulates in Australia’s Warburton 
Creek in late 2010	

[Boening	et	al.,	2012]	
[Fasullo	et	al.,	2012]	



Glacier	&	Land	hydrology	contribu7ons	

20	
total	TWS:	0.32	±	0.20	mm/yr	

Trends	in	land	water	storage	from	GRACE	observa/ons	
(Contribu/on	of	non-ice	land	water	to	sea	level)	

[Reager	et	al.,	2016]	

Loss	

Gain	

2002	 		2006	 				2010		 					2014	

•  The	strongest	gains	and	losses	are	
associated	with	climate-driven	
variability	in	precipita7on	

•  Aquifer-deple7on	also	plays	a	role	
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Glacier	&	Land	hydrology	contribu7ons	
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total	TWS:	0.32	±	0.20	mm/yr	

Trends	in	land	water	storage	from	GRACE	observa/ons	
(Contribu/on	of	non-ice	land	water	to	sea	level)	

[Reager	et	al.,	2016]	

Loss	

Gain	

2002	 		2006	 				2010		 					2014	

•  The	strongest	gains	and	losses	are	
associated	with	climate-driven	
variability	in	precipita7on	

•  Aquifer-deple7on	also	plays	a	role	
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Reager	et	al.,	2016	

Glacier	&	Land	hydrology	contribu7ons	

1.58	

0.77	 0.49	 0.32	 0.65	
0.38	

-0.71	mm/yr	

‘Mass	sea	level’	trends	(2002	–	2014;	mm/yr)	



Joint	analysis:	Sea	level	&	Land	Water	Storage	
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Sea	Level	(reconstr)	 Land	Water	storage	(GLDAS2)	
10-year	trend	pa^erns	(EOF-1;	normalized):	
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[Hamlington	et	al.,	2017]	



Joint	analysis:	Sea	level	&	Land	Water	Storage	

24	

Sea	Level	(reconstr)	 Land	Water	storage	(GLDAS2)	
10-year	trend	pa^erns	(EOF-1;	normalized):	
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[Hamlington	et	al.,	2017]	



Greenland	mass	loss	(2002-2016)	



GLISTIN	
AXCTDs	

OMG	–	Oceans	Mel/ng	Greenland:	
Yearly	Surveys	

PI:	Josh	Willis,	JPL	



Greenland	melt:	ice	<->	ocean	coupling	

27	[Claus	Böning	et	al.,	2016]	

Mean	depth	of	the	March	mixed	layer	(in	m)		



GRACE	Follow-On	
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Coming	in	early	2018!	



Summary	
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•  GRACE,	al7meters,	Argo	cri7cal	for	observing	sea	
level	and	energy	budget	

•  sea	level	budget	is	‘closed’	in	the	upper	2000m,	
but	trend	biases	could	easily	hide	deep	warming	
(blame	GIA	&	geocenter	uncertain7es!)	

•  S	Pacific:	deep	warming	(<2000m)	detected	
•  GRACE	allows	a	truly	global	tracking	of	the	water	
cycle	and	sub-system	exchange	

•  Land	water	mass	exchange	on	decadal	7me	scales	
sizable	contributor	to	sea	level	

•  likely	that	increased	freshwater	fluxes	will	impact	
ocean	circula7on	(10+	years?)	


